Multi-atmospheric pressure, pulsed electric discharge excited lasers require pre-ionization to produce spatially uniform glows. Many such systems use corona bars to produce ultraviolet (UV) and vacuum ultraviolet (VUV) light as photo-ionization sources for this purpose. Corona bars are transient surface discharges, typically in a cylindrical geometry, that sustain high electron temperatures and so are efficient UV and VUV sources. In this paper, results from a numerical study of surface corona-bar discharges in a multi-atmosphere pressure Ne/Xe gas mixture are discussed. The discharge consists of a high-voltage electrode placed on the surface of a corona bar which is a dielectric tube surrounding a cylindrical metal electrode. After the initial breakdown an ionization front propagates along the circumference of the corona bar and produces a thin plasma sheet near the dielectric surface. The propagation speed of the ionization front ranges from 2 × 10 7 to 3.5 × 10 8 cm s −1 , depending on the applied voltage and dielectric constant of the corona-bar insulator. As the discharge propagates around the circumference, the surface of the corona-bar is charged. The combined effects of surface curvature and charge deposition result in a non-monotonic variation of the electric field and electron temperature as the ionization front traverses the circumference. The UV fluxes collected on a surrounding circular surface correlate with the motion of the ionization front but with a time delay due to the relatively long lifetime of the precursor to the emitting species Ne * 2 .
Introduction
In transversely excited, multi-atmospheric pressure gas discharge lasers, such as excimer lasers, maintaining the discharge in a volumetrically diffuse or glow mode is critical to efficient laser pumping and having high optical quality [1] . Obtaining a glow discharge mode typically requires preionization of the discharge to electron densities of 10 9 -10 10 cm −3 [2] . This is typically accomplished by using an ultraviolet (UV), vacuum ultraviolet (VUV) or x-ray radiation source. Sufficient pre-ionization prevents the formation of streamers and their subsequent transition to arcs [3] . The density and uniformity of the photo-ionization-produced electrons as well as the timing of the pre-ionization with respect 1 Author to whom any correspondence should be addressed.
to application of high voltage to the discharge electrodes directly affect the laser's performance [4] .
UV or VUV radiation for pre-ionization can be produced by arrays of spark discharges or by corona discharges sustained over a dielectric surface, often called a corona bar. (We will collectively refer to both UV and VUV photon fluxes as UV fluxes.) A corona-bar pre-ionization source typically consists of an annular dielectric tube with a grounded metal cylinder along its centre. The axis of the corona bar is placed parallel to the axis of the laser discharge in order to illuminate the gap between the electrodes with UV photons. A high voltage electrode, typically with a point contact on the dielectric surface in the axial direction, triggers and sustains the corona discharge. The corona discharge begins at the trigger electrode and propagates along the circumference of 0022-3727/10/505204+13$30.00 the dielectric surface, analogous to a corona streamer in the gas phase. Excited states produced by the avalanche front are the precursors for producing the pre-ionizing UV light [5] . In addition to producing UV light for pre-ionization, surface corona discharges are also widely used in lighting [6] , fluorescence spectroscopy [7] , waste treatment [8] , chemical synthesis, surface modification, functionalization [9] and more recently for active aerodynamic flow control [10, 11] .
Surface corona discharges are a combination of a corona discharge and a dielectric barrier discharge (DBD). The propagation of the discharge along the surface is similar to that of streamers in bulk gases, but is modified by the presence of the surface through polarization of the surface material, intensification of the electric field and release of secondary electrons. The similarity to gas phase streamers is in the space charge enhanced electric field at the head of the avalanche front that propagates in the plasma channel. The similarity to DBDs is in the adjacency of a dielectric surface which is charged by the plasma channel. Experimentally, the interaction between such a discharge and surface has been characterized using the speed of propagation of the plasma channel and its dependence on voltage, pressure and the dielectric constant of the surface material. For example, Hidaka and Murooka [12] investigated surface discharge development in a needle-to-disc configuration at atmospheric pressure in air and found the discharge propagation speed to be up to 8.4 × 10 8 cm s −1 for negative streamers and 1.5×10 9 cm s −1 for positive streamers. Hong [13] studied corona discharges over a cylindrical surface in multi-atmospheric pressure Ne and found the azimuthal discharge propagation speed to be in the range 10 7 -10 8 cm s −1 . Walter [14] investigated surface corona discharges having different dielectric materials and showed that higher dielectric constants lead to better laser performance by allowing more energy deposition into the gas mixture. Recent experiments by Kozlov et al [15] found that not only the dielectric constant but surface properties, thickness and structure of the dielectric layer play significant roles in the appearance and development of the discharge.
Rutkevich [16] analysed the structure of sliding discharges over a flat dielectric surface based on a self-similar formulation. They found a quantitative agreement between the calculated and experimental propagation speed as a function of the applied voltage, although the propagation speed in the experiments is not a constant as assumed in the model but decreases with propagation distance. Sobota et al [17] modelled pulse discharges in Ar near a flat dielectric surface and concluded that the bulk gas processes alone cannot account for the discharge propagation in the vicinity of the surface. In the context of aerodynamic flow control, Boeuf and Pitchford [18] numerically investigated micro-discharges in an asymmetric surface DBD. They found that the propagation speed of the sliding ionization wave is on the order of 3 × 10 6 cm s −1 when including only the secondary emission by electron impact as the electron generation mechanism ahead of the front.
In this paper, we present results from a numerical investigation of a corona discharge propagating over a cylindrical dielectric surface in a multi-atmosphere Ne/Xe mixture. The context is the use of corona bars for the production of pre-ionizing UV light, as might be used in a pulsed discharge laser. The electrical properties of the discharges are discussed and correlated with the production of visible and UV radiation. We found that the propagation speed of the ionization front ranges from 2 × 10 7 to 3.5 × 10 8 cm s −1 , depending on the applied voltage and dielectric constant of the corona bar. The variations of the electric field and electron temperature in the ionization front are non-monotonic as the front traverses the circumference of the corona bar. The governing equations and the model are briefly described in section 2 along with the reaction mechanism used for Ne/Xe mixtures. In sections 3-5, a discussion of the discharge dynamics and the UV production are presented. Section 6 contains our concluding remarks.
Description of the model
The modelling of the cylindrical surface corona discharge is based on nonPDPSIM which is a two-dimensional plasma hydrodynamics model with radiation transport. Continuity equations for charged and neutral species, and Poisson's equation are solved coincidently with the electron energy equation with transport coefficients obtained from solutions of Boltzmann's equation. A Monte Carlo simulation is used to track sheath accelerated electrons produced by secondary processes at the surface. The spatial discretization is based on finite volume methods on an unstructured mesh and the time integration is implemented using a fully implicit Newton iteration method. The details of the model are described elsewhere [19] , but briefly the following equations are solved for charge species,
where ε, , ρ s , N, φ, γ, σ, S and q refer to the permittivity, electric potential, surface charge density, charged species number density, species flux, secondary electron emission coefficient, conductivity of the solid materials, source terms and elementary charge, respectively. The source term S i contains the production and loss of species i due to electron impact ionization and excitation, heavy particle reactions, photo-ionization, secondary emission and surface reactions. The charged particle fluxes φ i are approximated with the Scharfetter-Gummel technique [20] and equations (1)-(3) are simultaneously solved in each Newton iteration step. Once the charged particle densities are updated, the electron energy equation is integrated for average energy ε
where n e is electron density, E = −∇ is the electric field, k i is the rate coefficient for collision process i with species having density N i and energy loss ε i , λ is the electron thermal conductivity and φ e is the electron flux and T e is the electron temperature defined as (2ε/3). During the short duration of the corona discharge, advective motion of neutral species by temperature or pressure gradients is not important. In the majority of our simulations, the densities of neutral species are given by their continuity equations with only diffusion for transport. These continuity equations for neutral species are solved in a time-slicing manner with the charged particle continuity equations,
where the N i is the density of neutral species i, N T is the total gas density, D i is the diffusion coefficient and S i is the source or sink due to volumetric or surface processes. For comparison purposes, the fully compressible Navier-Stokes equations are solved for the fluid averaged density, momentum and gas temperature. The implementation of these equations in nonPDPSIM is described in [21] . Photon transport in the plasma is accounted for using a propagator method. The photo ionization source for species m at location r i due to the emission of photons at location r j by species k is
where N k is the density of the radiating species having Einstein coefficient A k , σ I km is the photo-ionization cross section for species m by photons emitted by species k and σ lk is the total absorption cross section for photon k by species l. G k ( r j , r i ) is Green's function for the survival of the photons emitted at the location r j to reach location r i , and also accounts for view angles and obscuration.
Emission of electrons from the dielectric surface results from two processes-secondary electron emission by ion bombardment and photoelectron emission. (The values of the electric fields are not large enough for field emission to be important.) Electron emission by photons striking surfaces was included with probability 0.01. The UV fluxes striking surface location r i are given by
In this investigation, the source of photons was emission by Ne * 2 with wavelength 85 nm. The rationale was that there is moderately rapid, though not instantaneous, conversion of Ne atomic excited states to the dimer and the boundfree transition in the dimmer producing this radiation is not resonantly absorbed or trapped. The single photo-ionization process we included was for ground state xenon with cross section 10 −16 cm 2 . Although the radiative lifetime of Ne * 2 is only 11 ns, the precursor states for forming Ne * 2 are metastable (or effectively metastable due to radiation trapping) excited states. As a result, the source of 85 nm photons can last for times considerably longer than the Ne * 2 lifetime. For diagnostic purposes, we also tracked the transport of visible radiation from a short lived, untrapped state of Xe having a lifetime of 5 ns.
The trajectories of secondary electrons emitted from surfaces were followed using a Monte Carlo simulation which is described in detail in [21] . Statistics on the trajectory of the emitted electrons and electrons resulting from their ionizations are collected to compute electron energy distributions (EEDs) as a function of position. These EEDs are used to compute electron impact source functions and sources of secondary electrons slowing to join the bulk electron distribution. These electron impact sources and sources of charge are then included in the continuity equations for charged and neutral species in the fluid portion of the model. A secondary electron emission coefficient of 0.15 was used for all ions unless otherwise noted.
The gas mixture used here is Ne/Xe = 99/1 at a constant pressure of 3.5 atm and temperature of 338 K. This mixture was chosen as being representative of high pressure excimer lasers, albeit in the absence of the attaching gas. A reduced reaction mechanism was formulated that captures the dominant plasma processes without being too computationally burdensome. This reaction mechanism is essentially the same as that which appears in table 1 of [24] . Other than photo-ionization of Xe, the plasma is nearly transparent to the UV light emitted from Ne * 2 due to the lack of resonance trapping.
The model geometry consists of a corona bar and a small powered electrode placed on the dielectric surface, as shown in figure 1. The corona bar is an annular dielectric tube around a grounded metal cylinder acting as the anode. The diameter of the anode is 0.63 cm. The outer diameter of the dielectric is 1.27 cm with dielectric constant ε = 8 unless otherwise noted. The powered cathode has a semi-circle shape of width 0.5 mm and is placed on the corona-bar surface. At t = 0, the voltage on the cathode has a stepwise change to −25 kV unless noted. The discharge is initiated by placing a small spot of plasma at the intersection of the cathode and corona bar in the upper plane, 3 × 10 10 cm −3 in density and 100 µm in diameter. The initial electron density is otherwise zero. This initiates a surface discharge in the clockwise direction. The resolution of the numerical mesh was approximately 25 µm along the surface of the dielectric.
A circular dielectric surface was placed at a radius of 3.8 cm. The inner surface of this cylinder was used to collect photon fluxes during the discharge. The entire computational domain is a square of 38 cm on a side with the corona bar located in its centre. A thin dielectric layer is also placed along the horizontal axis between the powered electrode and the photon collector. The purpose of this surface is to prevent photons and charges produced during the initial discharge near the cathode in the upper half plane from crossing over into the lower half plane and initiating a second discharge propagating in the counter-clockwise direction. This enables us to study a single propagating discharge (although an example of counterpropagating discharges will be discussed). To identify the location of the streamer, angles relative to the high voltage electrode will be cited, 0
• at the high voltage electrode and increasing in the clockwise direction, as shown in figure 1.
Propagation of surface discharges
The characteristics of a corona-bar discharge without the isolating dielectric sheet will first be discussed. Immediately after the application of the voltage pulse, the discharge starts from the area with seed electrons and propagates along the surface of the corona bar in the clockwise direction. As the plasma diffuses to larger radii near the high voltage electrode, photo-ionization produces electrons on the opposite side of the high-voltage electrode, and a second surface discharge is launched in the counter-clockwise direction. The electron temperature, T e , and electric potential, , of the primary and secondary ionization fronts are shown in figure 2. Since T e is maximum in the high electric field of the heads of the streamers, it serves as a good diagnostic for the location of the avalanche front. As the counter-propagating streamers follow the coronabar surface, the two ionizing fronts charge the corona bar as shown by the electric potential contours in figure 2. The two counter-propagating fronts eventually intersect with each other at a location slightly below the horizontal line (due to the time delay of the second discharge). At the site of the collision of the ionization fronts, the equal potential lines from both ends connect and the electric field starts to diminish, and so does T e . As the surface is charged, T e decreases from an initial value of 7 eV to a final value of 3.8 eV when the plasma channels intersect. The characteristics of the counterclockwise surface discharge are similar to that of the primary clockwise propagating discharge, but just delayed in time due to its later launching.
To simplify the analysis of the surface discharge, the following examples employ the dielectric shield to prevent UV light and charges from crossing to the other side of the electrode to launch a counter-clockwise surface discharge. For example, T e and of a single discharge as it propagates in the clockwise direction over the entire circumference of the corona bar are shown in figure 3 . The discharge is driven by a finite component of the electric field along the surface of the dielectric. Similar to a streamer in gas, the discharge propagates by virtue of charge separation at the head of the plasma, which produces an electric field of 50-70 Td (1 Td = 10 −17 V cm 2 ) and sustains a T e of up to 7 eV. Ionization in this high electric field avalanches the gas, producing a conductive channel with a reduced electric field, thereby advancing the plasma sheet along the surface of the discharge. In addition to these streamer-like properties, electrons from the plasma sheet negatively charge the surface of the dielectric, thereby confining the electric potential to the interior of the corona bar-that is, charging the capacitance of the corona bar.
The average speed of the avalanche front is about 2 × 10 8 cm s −1 , commensurate with that of streamers in the gas phase. The speed of the avalanche front slows as it propagates around the corona bar, from an initial value of 2.5×10 8 cm s
for t < 5 ns to about 1.8 × 10 8 cm s −1 for t > 15 ns. This slowing of the streamer results from more electric potential being confined within the dielectric as the surface discharge charges the dielectric. This trend is the opposite to that of gas phase streamers in DBD discharges where the speed of the avalanche front generally increases as the streamer approaches the dielectric barrier. This latter trend in the gas phase results from the applied voltage being compressed into the nonionized space ahead of the conductive streamer channel, which increases the electric field for subsequent avalanche. In the case of the corona bar, the compression of the voltage occurs within the dielectric, and so that potential is not available for subsequent avalanche. On the other hand, in long, unconfined corona streamers, the speed of the streamer tends to decrease with time as more voltage is dropped across the conductive plasma channel trailing the avalanche front.
When the clockwise discharge rotates to about 320
• UV illumination from the approaching ionization front seeds electrons near the high voltage electrode on the bottom side of the photon shield which then launches a short counterclockwise discharge. The two discharges then quickly intersect and merge at about 340 • (t = 18 ns) which reduces the electric field and T e . After intersection of the counter-propagating discharge fronts, the capacitance of the corona bar is essentially fully charged and the equipotential lines are nearly parallel to the surface, as at t = 20 ns. At this point electron impact ionization largely ceases. The charging of the surface of the dielectric leaves the surface-hugging plasma electropositive. Following the cessation of the surface discharge, diffusion of positive ions from the plasma sheet to the surface neutralizes the negative surface charge thereby discharging the capacitance of the corona bar. With this discharging, the electric potential lines again cross through the surface into the gas.
The electron density (n e ), electron impact ionization source at the ionizing front with the corresponding and T e are shown in figure 4 . Images are shown at 135
• , 225
• and 315
• , rotated to the horizontal. The structure of the ionization front remains qualitatively unchanged as it propagates around the circumference. The electron densities at the leading edge of the avalanche and the trailing sheet of plasma are 5 × 10 14 -10 15 cm −3 . The thickness of the plasma sheet is about 200 µm, which is a factor of 2-3 thicker than the analogous streamer in the gas phase. The electron impact ionization source has its peak at the front, but slightly lags behind the peak of T e as E/N peaks ahead of the avalanche front. Electron sources are shown in figure 5 at 90
• resulting from bulk electron impact ionization, additional ionization by the secondary electrons through sheath acceleration, secondary electron emission from the surface due to ion and photo fluxes and direct photo-ionization of Xe. The bulk electron impact ionization, of order 10 23 cm −3 s −1 , has the highest contribution and dominates the avalanche process. The instantaneous ionization from the sheath-accelerated secondary electrons is of order 10 22 cm −3 s −1 while the electrons from direct surface secondary emission are another order of magnitude lower. The photo-ionization has the least contribution to the production of the electrons, about 10 20 cm −3 s −1 . Although this source is small, its spatial distribution extends 0.1 mm ahead of the avalanche front, thereby seeding electrons to enable propagation of the discharge.
The sheath-accelerated secondary electrons may also produce ionization ahead of the ionization front to aid in its propagation. The ionization sources shown in figure 5(b) show a few ionization tracks due to individual particles in the Monte Carlo simulation that extend ahead of the ionization front. Although the discreteness of the simulation exaggerates this effect, the mean free path for the sheath-accelerated electrons, even at above atmospheric pressure, can be greater than the width of the avalanche front. Secondary electrons emitted from the surface near the head of the streamer will experience an electric field having a component parallel to the surface. This accelerates secondary electrons ahead of the streamer where they produce ionization. A similar phenomenon occurs in the propagation of gas phase streamers [22, 23] .
One of the estimated parameters in the model is the effective secondary electron emission coefficient, γ for ions figure 6 . The contribution to ionization from the sheath-accelerated secondary electrons increases by about 50% when γ increases from 0.05 to 0.20. The contribution from bulk electron impact ionization increases by about 5% for this range (based on maximum values). It remains the dominant source of ionization, being larger than ionization by sheath-accelerated electrons by a factor of about 30. The combined effects of increasing γ over this range produces an increase in the maximum electron density of about 16% and an increase in speed of the avalanche front about 3%. Uncertainties in γ affect the details of the propagation of the ionization front but the structure of the discharge is not strongly affected.
The distributions of , E, T e and n e along a circumference about 50 µm above the surface are shown in figure 7 for times up to 20 ns. The noise in the plots results from the statistics of the electron Monte Carlo simulation and from interpolation from the unstructured mesh onto the circumference. A progressive decrease in the potential occurs at the ionization front as the dielectric is charged which then removes voltage from streamer. At 20 ns the charging of the dielectric is nearly complete. T e peaks in the large electric field of the ionization front, and remains above 2-3 eV in the ionized layer above the dielectric behind the ionization front. This is qualitatively a higher T e than in the ionized channel of the analogous gas phase streamer, a consequence of the charged particle loss to the surface which increases the resistance of the plasma layer. The propagation speed is high at the initial stage, at around 2.5 × 10 8 cm s −1 , but decreases with time and distance, particularly after 15 ns. The variation of electric fields is non-monotonic, with higher values at 10 ns than at 5 and 15 ns. This is due to the combined effects of surface charging and the geometric curvature of the surface. Based on only the geometry, the electric fields are maximum adjacent to and on either side the high voltage electrode. As the surface is charged, the potential contours are captured within the dielectric, translating the gradient in the potential further along the circumference. At the same time, the voltage drop available along the surface is being reduced due to the potential being captured in the dielectric. The combination of these effects is that there is a small increase in electric field to about 45 kV cm −1 (53 Td) at 10 ns at 190
• . As the ionization front continues to move into the lower half plane back towards the cathode, the electric field strength starts to decrease again. This is at a time when the counter-clockwise discharge has started to propagate, charging the dielectric as it moves. At 20 ns when the two discharges intersect, the dielectric has been essentially fully charged, and the electric field rapidly decays.
At 3.5 atm, even on these short time scales, the electron collision frequency is high enough that T e is in near equilibrium with the electric field. The time and spatial history of T e then closely follows that of the electric field. The progressively longer extension in T e in front of the leading edge of the ionization front results directly from the distribution of the electric field at its leading edge. The electron density shows a steep rise at the ionization front and continues to increase with time once the front passes. The peak electron density at t = 1 ns is around 2 × 10 14 cm −3 but increases by one order of magnitude at t > 5 ns. At t = 20 ns, n e has a minimum around 3.6 cm, which results from the intersection between the primary and secondary discharges.
One of the characteristics of surface discharges is the large gradient of the electric potential normal to the surface. In a gas phase streamer, the electric field is dominant in the direction of propagation while the electric field perpendicular to the direction of propagation largely results from ambipolar forces. In surface discharges, there are vacuum field components of the electric field perpendicular to the surface and the direction of propagation in addition to those resulting from ambipolar forces. Consequently, the plasma in the surface discharge is typically thicker than its gas phase analogue. The continuous breakdown of the gas takes place predominately within the sheet although electron diffusion and photo-ionization take place over a more extended area.
The electron density and electric field in the ionization front are shown in figure 8 at t = 4.8 ns (90
• ). The electric field has a peak of about 40 kV cm −1 (≈47 Td) close to the surface, from which it spreads in both normal and tangential directions. This forms a sharp leading edge and a blunt trailing edge. The leading edge of the electron density coincides with the peak of the electric field, so the electron avalanche occurs predominately in the trailing edge of the high field. Ahead of the ionization front, the normal component E n is positive which drives electrons drifting towards the surface. Once crossing the front, the sign of E n reverses as a result of the charging of the surface by the plasma. The tangential component E t remains negative across the ionization front but peaks at the leading edge of the electron density where the space charge is maximum. This large E t enables electrons to drift from the plasma region behind the front into non-ionized gas ahead of the front and thus serve as seeding electrons for further avalanche.
Typical discharge propagation times are tens of ns, and this is much shorter than the acoustic time scale of the neutral gasthat is, the gas does not have time to get significantly heated, move and rarefy during the current pulse. Gas dynamics effects are therefore insignificant during the current pulse. For example, for otherwise identical conditions, simulations were performed with and without solving the compressible NavierStokes equations. Gas temperatures at the ionization front increased by at most a few degrees.
Electron and ion densities at a fixed point located at 270
• and 100 µm above the dielectric surface are shown in figure 9 (a). The electron and Xe + densities have nearly identical sharp rises to a maximum of 2.0×10 15 cm −3 , showing the ionization occurs first through Xe due to its lower ionization potential. After the ionization front, n e decays slowly due to dissociative recombination with Xe increase as a result of 3-body association reactions. Since T e in the plasma channel, 2 eV, is below that which directly ionizes Ne, the Ne + density is not replenished. The Xe + density is sustained by some continuing electron impact ionization and Penning ionization from Ne excited states.
The densities of atomic and molecular excited states at the same point are shown in figure 9(b) . As the ionization front passes, both Ne * [Ne(3s)] and Xe * [Xe(6s)] are produced by direct electron impact and thus their densities first rise sharply but fall once T e decreases. After the passage of the ionization front, the density of Xe(6s) first decreases and then achieves a nearly constant value, a quasi-balance between sources due to dissociative recombination of Xe + 2 and losses due to formation of Xe * 2 . The density of Ne(3s) continues to decrease due to the low T e which fails to replenish its density. After a slower rise compared with the atomic excited species, the density of Xe * 2 also nearly reaches a constant value. The density of the VUV emitting species Ne * 2 has a maximum of 5 × 10 11 cm −3 . Although the radiative lifetime of Ne * 2 is 11 ns, it is formed by • -360
• beginning at the cathode. The electric field has non-monotonic behaviour along the circumference due to the combined effects of geometry and surface charging.
3-body association reaction with Ne(3s), which has a longer persistence. So, compared with the traversal time of the ionization front, the effective lifetime of the Ne * 2 is relatively long.
Photon fluxes
Due to the lack of the resonance absorption, the VUV light emitted from Ne * 2 during the corona discharge experiences little absorption by other than Xe when passing through the plasma. The photon fluxes incident on the collector surface at different times as a function of position 0
• to 360
• (corresponding to an arc length of 0-12 cm) are shown in figure 10(a) . As the ionization front traverses the corona-bar surface, the collector is progressively illuminated according to the distribution of Ne * 2 and the view angle spanned by the collector surface. The fluxes are 3×10 16 cm −2 s −1 to 2×10 17 cm −2 s −1 . Initially, the VUV light production lags the ionization front but increases rapidly up to 10 ns when the ionization front is at about half way around the circumference. This is in large part a result of the collector at any given point integrating emission received from Ne * 2 distributed on nearly half the circumference of the corona bar. While the ionizing front continues to traverse the corona bar and create new emitters, the photon fluxes emitted from the surface behind the front start to decay. This causes the peak of the photon flux on the collecting surface to shift gradually forward. By t = 20 ns, the peak flux has moved into the lower half of the collector surface. Once the ionization front has traversed the surface, the photon fluxes decay monotonically with time but maintain a relatively uniform circumferential profile.
To illustrate the effect of a lifetime of emitting species on the photon flux distribution, we tracked emission from an optical transition from Xe(6p) with an artificially short lifetime of 5 ns. The photon flux distribution on the collector surface from this transition is shown in figure 10(b) . The peak magnitude of the photon flux is nearly three orders of magnitude higher than that from Ne * 2 , due in large part to the more rapid rate of population of the lower energy levels of Xe and shorter lifetime. However, the decay of the photon flux after the passing of the ionization front is also more rapid due to the shorter lifetime of the state. For example, at t = 5 ns the peak of the photon flux has moved further from the cathode region as compared with the flux from Ne * 2 . Between 5 and 20 ns, the photon collector is progressively illuminated following the motion of the avalanche front. With direct electron impact being the primary source of Xe(6p), the peaks of the photon flux in this case remain in the upper portion of the circumference, following from the higher electron temperature in that region.
Dielectric constant and applied voltage
One of the key design decisions for the pre-ionizer is the dielectric constant of the corona-bar material. The larger ε/ε 0 , the larger the capacitance of the corona bar and so more charge can be stored on its surface. The length of the plasma channel and T e in the ionization front as it traverses the circumference of the corona bar are shown in figure 11 for dielectric constants of ε/ε 0 = 2 to 32. The propagation speed of the ionization front (given by the slope of the line in figure 11(a) ) decreases with time but with the exception of ε/ε 0 = 2, the deceleration is not particularly large. The maximum speed is about 3.0 × 10 8 cm s −1 for ε/ε 0 = 2 at the start of the avalanche. For t < 5 ns, which corresponds to the first quarter of the circumference, the propagation speed decreases with increasing dielectric constant. This is likely due to the increased capacitance of the corona bar. The streamer needs to spend more time above the surface to fully charge it. However, it is also found that the electron density of the streamer increases with increasing dielectric constant, which partially offsets the capacitance effect and reduces the difference in the propagation speeds. These observations are consistent with predications for a sliding discharge on a flat surface [25] . As the ionization front moves further along the circumference the dependence of the propagation speed on dielectric constant is not necessarily monotonic due to the complex electric field structure and surface curvature. The corresponding T e at the moving ionization front shows this more clearly. After a quick decay up to about 5 ns, T e increases for a period of time before a final decay. Within this period, the peak T e increases with increasing dielectric constant.
For a fixed dielectric constant of ε/ε 0 = 8 the traversal distance and T e of the discharge front are shown in figure 12 for applied voltages of V = −10 to −30 kV. The propagation speed increases with increasing voltage up to 3.5×10 8 cm s −1 , nearly 12 times of that at −10 kV. The peak T e (after the intital decay) also increases with increasing voltage. However, the structure and propagation characteristics of the ionization front at these different voltages are found to be qualitatively similar, and the non-monotonic variation of T e is present at all the voltages.
Concluding remarks
Corona bar, surface discharges are often used as sources of UV/VUV radiation. Using results from a two-dimensional plasma hydrodynamics model with radiation photon transport, we have discussed characteristics of surface discharges in a 3.5 atm Ne/Xe = 99/1 gas mixture. After the initial gas breakdown near the high-voltage electrode, an ionization front propagates along the circumference and produces a thin plasma sheet (100-200 µm thick) close to the dielectric surface. The propagation speed decreases with traversal distance, and depending on the dielectric constant and applied voltage, the maximum speed is up to 3.5 × 10 8 cm s −1 . The ionization front is produced by a moving high-field region with sharp leading edge and blunt trailing edge where most of the ionization occurs. Across the avalanche front, the normal component of the electric field changes sign while the tangential field reaches a maximum. This electrical structure enables electrons to drift across the front and produce further avalanche ahead of it. The ionization is produced primarily through bulk electron impact, with the contributions from sheath-accelerated secondary electrons and photo-ionization being one to three orders of magnitude lower. However, photoionization and production of secondary electrons from the surface play roles in propagation of the discharge front. With a combined effect of surface charge deposition and geometric curvature, the magnitude of the electric field and the associated T e may vary in a non-monotonic manner as the ionization front traverses the circumference. The VUV light fluxes were collected on a circular surrounding surface. Their distributions are correlated with the moving ionization front but with a time delay due to the relative long lifetime of the precursor to the emitting species Ne * 2 .
